The dynamics of lateral manipulation for cobalt=Cu111 has been investigated combining the model of vibrational heating and first-principles density functional calculations. The frustrated translational mode responsible for lateral excitation is identified as a vibrational resonance involving a concerted motion between the adatom and surface phonons. The calculated frequency shows good agreement with the onset energy for adatom hopping induced by inelastic tunneling. Simulation of the power law, compared with experiment, suggests that the atom hopping overcomes a nonadiabatic barrier due to the nonequilibrium local heating of the translational mode. DOI: 10.1103/PhysRevLett.95.226102 PACS numbers: 68.35.Ja, 68.35.Fx, 73.20.Hb, 73.40.Gk Manipulation of single adatoms with a scanning tunneling microscope has made it possible to create artificial nanostructures with desired size, shape, and functional properties. Already in the early experiments, atoms were manipulated both laterally [1] [2] [3] and vertically [4, 5] at surfaces. Vertical manipulation was found to be governed by a vibrational heating mechanism [6 -9] via direct excitation of the atom-surface bond. In contrast, the mechanism for lateral excitation is less understood. In molecular manipulation, rotational and translational motions of admolecules have been observed for a number of systems [10 -15]. The lateral motion was found to be triggered by indirect excitation of the high-frequency stretch mode followed by energy transfer to the translational mode (T mode) via anharmonic coupling [12, 13] . In order to control the dynamics of lateral motion of a single adatom, Stroscio and Celotta have recently made quantitative measurement of the hopping rate for cobalt adatoms on a Cu(111) surface [16] . The nonlinear hopping rate between the fcc and hcp site and its polarity independence are characteristics for the vibrational heating mechanism, as found in vertical and molecular manipulation. However, it is unclear whether the hopping is triggered by direct T mode excitation or indirectly via the vertical mode followed by modemode energy transfer, as found on molecular systems. This uncertainty partially results from the fact that little is known about the vibrational and diffusion properties in the lateral motion [17] .
The dynamics of lateral manipulation for cobalt=Cu111 has been investigated combining the model of vibrational heating and first-principles density functional calculations. The frustrated translational mode responsible for lateral excitation is identified as a vibrational resonance involving a concerted motion between the adatom and surface phonons. The calculated frequency shows good agreement with the onset energy for adatom hopping induced by inelastic tunneling. Simulation of the power law, compared with experiment, suggests that the atom hopping overcomes a nonadiabatic barrier due to the nonequilibrium local heating of the translational mode. Manipulation of single adatoms with a scanning tunneling microscope has made it possible to create artificial nanostructures with desired size, shape, and functional properties. Already in the early experiments, atoms were manipulated both laterally [1] [2] [3] and vertically [4, 5] at surfaces. Vertical manipulation was found to be governed by a vibrational heating mechanism [6 -9] via direct excitation of the atom-surface bond. In contrast, the mechanism for lateral excitation is less understood. In molecular manipulation, rotational and translational motions of admolecules have been observed for a number of systems [10 -15] . The lateral motion was found to be triggered by indirect excitation of the high-frequency stretch mode followed by energy transfer to the translational mode (T mode) via anharmonic coupling [12, 13] . In order to control the dynamics of lateral motion of a single adatom, Stroscio and Celotta have recently made quantitative measurement of the hopping rate for cobalt adatoms on a Cu(111) surface [16] . The nonlinear hopping rate between the fcc and hcp site and its polarity independence are characteristics for the vibrational heating mechanism, as found in vertical and molecular manipulation. However, it is unclear whether the hopping is triggered by direct T mode excitation or indirectly via the vertical mode followed by modemode energy transfer, as found on molecular systems. This uncertainty partially results from the fact that little is known about the vibrational and diffusion properties in the lateral motion [17] .
During the past decade, vibrational excitation and relaxation of the T mode of adatoms [18] [19] [20] , an elementary surface process responsible for adsorbate diffusion, sliding, lubrication, and friction [21] , has been studied intensively. It was generally established that, in the high temperature [50 -200 K] regime, relaxation of the T mode is dominated by phonon excitation in the substrate via resonance broadening [20] and anharmonic coupling. While at low temperatures (<50 K), relaxation via nonadiabatic electron-hole pair excitation becomes dominant.
Such vibrational studies were mainly concentrated on the first excited state of the T mode.
This Letter reports a comprehensive theoretical study of lateral atomic manipulation for Co=Cu111 combining quantum kinetic modeling and first-principles densityfunctional-theory (DFT) calculations. First, the energetics of adatom diffusion and vibrational spectra of the adsorbate and surface phonons were determined. Both the vertical mode and the T mode show strong hybridization with the surface phonons. We demonstrate that multiple excitation of the T mode, which is a concerted motion between the adsorbate and surface phonons, is responsible for lateral manipulation. The calculated frequency of this mode is in close agreement with the onset energy for atom hopping in the inelastic regime. Within the vibrational heating model, the hopping rate has been simulated as a function of bias. The calculated power law with partial adiabadicity in the substrate is comparable with experiment. Our finding suggests that barrier crossing at low temperatures (2.3 K in this case) is nonadiabatic, when a system is locally driven out of equilibrium. It has general implications for atomic diffusion, friction, and dissipation at nanoscale.
To base our analysis on reliable data, we first calculated the energetics and vibrational spectrum of Co=Cu111 from first-principles calculations using the Vienna ab initio simulation package (VASP) [22] . This approach has been used successfully before as a theoretical tool for vibrational recognition of adatoms and admolecules at surfaces, giving highly credible results for both the high-frequency stretch modes, like the OH stretch (450 meV) and the low-frequency translational mode (5 meV in the water bilayer) [23, 24] . We used a 7-layer slab with one adatom in a 3 3 two-dimensional supercell, which was separated vertically by a 13.7 Å vacuum space. The k points were sampled on a 4 4 1 grid. Extensive convergence tests have been done over the k points, the thickness of the slab, and with a larger (4 4 7) unit cell. Other details of the calculations are the same as those in previous publications [23, 24] . Both the velocity correlation function method and the dynamical matrix method have been used for vibrational calculations. For Co=Cu111, spin polarization of the Co atom leads to a magnetic moment around 2 Bohr magneton, very localized on the adatom at all adsorption sites. The total energies of the magnetic states are usually lower than those of the nonmagnetic ones and thus give more reliable energetics. Figure 1 shows the calculated vibrational spectra using the dynamical matrix method. The derivatives were extracted from the finite difference of atomic forces at given atom displacements. Both the adsorbate and the top three layers of the slab were allowed to move symmetrically by 0.03 Å off their equilibrium positions in all directions (x, y, and z), leading to an 84 84 matrix. Diagonalizing the matrix gives the eigenfrequencies f j g and the polarization vectors fu jk g. The local vibrational densities were obtained by projecting these eigenmodes to local atoms in a given direction. The two upper panels show the parallel (x y) and vertical (z) vibrational densities of the adatom adsorbed at an fcc site, while the lower two panels are the total densities (x y z) for one of the neighboring Cu atoms and a bulklike atom away from the adsorbate (bulk). The parallel density of the Co atom shows a double degenerate peak at 5.4 meV, which is the frustrated translation along the surface. This mode hybridizes with the surface Cu atoms, as can be seen from the density distribution in panel (c) in the same energy range, suggesting that the T modes are strongly coupled to the atomic motion of the substrate. In contrast, it shows negligible coupling to the vibration of the bulk atoms [ Fig. 1(d) ]. The vertical mode of the Co atom also shows strong mixing with surface phonons. The principal peak, 33 meV, is located, however, above the bulk phonon bands. The strong coupling between the adsorbate and surface phonons is reasonable due to the comparable mass between Co and Cu atoms. Although there is no experimental data available for adsorbate vibration in the literature for Co=Cu111, good agreement can be seen for the bulk phonon bands, in comparison with previous calculations and experiments: e.g., the optical (27 meV) and acoustic mode (13 meV) at the ÿ point [25, 26] . In addition, the vibrational energy of the T mode falls in the narrow range of a variety of adsorbates: Na= Cu001, 6 meV; CO=Pt111, 5.94 meV [18] ; CO= Cu001, 4.1 meV [27] ; and water=Pt111, 5 meV [23, 24] .
The coupling between the T mode and the surface phonons can be seen more clearly from its polarization vector. Figure 2 shows the polarization distribution of the T mode. The adsorbate is polarized to the bridge site, where the barrier for diffusion is located. It engages simultaneous motions of the surrounding atoms, especially those four Cu atoms in its nearest neighborhood. Quantitative analysis shows that the T mode has about 57% of weight on the adatom and 25% on the four neighboring Cu atoms, yielding a partial sum of 82% of weight in the local region. Moreover, the four Cu atoms in the surface participate in different ways in the parallel and perpendicular motions. The two atoms beside the bridge site move away from the bridge position, while the other two (before and behind the Co) move along with the adatom, forming a coherent 
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week ending 25 NOVEMBER 2005 motion with the adatom. The concerted motion of the substrate atoms seems to facilitate the adatom hopping. As we see below, excitation of this mode is responsible for adatom hopping, while the vertical mode (33 meV) can be excluded because it could not be excited in the applied bias range (0 -15 mV) [16] .
The energy barriers and transition states corresponding to different rigidity of substrate are determined using the nudged elastic band method (Fig. 3) . The fully relaxed barrier (the lower dashed curve), 32 meV, was obtained by relaxing all three-layer Cu atoms along with the hopping path. This barrier is fully adiabatic, where all surface atoms are assumed to follow the adsorbate motion instantly during barrier crossing. It is comparable to the diffusion barriers available in the literature, 37 5 meV for Co=Cu111 [17] , and 41 meV for Cu=Cu111 [28] . This barrier will be referred to as the adiabatic barrier hereon. We also calculated several nonadiabatic potential barriers by relaxing fewer numbers of atoms in the substrate, while keeping the rest atoms at their equilibrium configuration at the fcc site. For example, relaxing the 4 active Cu atoms in the T mode gives a barrier of 79 meV. While relaxing the surface layer (9 atoms), the barrier is reduced to 49 meV. For comparison, the barrier obtained with the completely rigid lattice is 169 meV. In this case no atom would ever follow the hopping motion of the adatom. Such nonadiabatic calculations were motivated by two reasons: (1) vibrational relaxation of the T mode is known to be suppressed at low temperatures (2.3 K); (2) heating of the T mode by tunneling electrons only enhances the local temperature around the adsorbate, and leaves the rest of the substrate at essentially the experimental temperature (2.3 K). Surface atoms, which are driven out of thermal equilibrium by the current, do not assure the same adiabadicity homogeneously in the whole substrate. Now we turn to analyze the mechanism and dynamics of adatom hopping in the Stroscio experiment. Before any numerical simulation, qualitative understanding on the hopping rate can be gained in the model of vibrational heating, as discussed extensively in the original article. First, the measured nonlinear hopping rate I 121:5 and its polarity independence are strong evidences for the vibrational heating mechanism. The vibrational frequency of the T mode, 5.4 meV, immediately explains the abrupt transition from the atomic tunneling regime (jVj < 5 mV) to the vibrationally activated regime (jVj > 5 mV). Comparing Fig. 1 with the experimental data [Fig. 4 of Ref. [16] ], we can conclude that the manipulated mode is the frustrated translational mode. The potential barrier involved in adatom hopping can also be inferred from the measured power law, because the power directly reflects the number of electronic transitions involved in ladder climbing. The measured power law, I 121:5 , at the onset of inelastic tunneling, V 7-9 mV, implies an initial potential barrier E B ' 12 5:4 65 meV in the truncated harmonic oscillator approximation. Such a relationship has been universally justified by many STM experiments and femtosecond laser induced processes.
With these analyses, we have simulated the adatom hopping from fcc to hcp site as a function of bias voltage. The hopping rate was obtained by solving the Pauli master equation for the truncated harmonic oscillator, where the key input parameters are the rates for vibrational damping ÿ # and excitation ÿ " . Within the resonance model for electron-vibrational coupling, these rates read [6, 7] ,
Here eh and ph are the damping rate due to electron-hole pairs and the substrate phonons, and iet is the inelastic rate induced by the tunneling current. Thermal excitation of the T mode is negligible at 2.3 K and is not taken into account. The resonance parameter, t = s , determines the fraction of inelastic current crossing the adsorbate compared to the total one. Here we used eh ph 10 10 =s, estimated from the typical rate of the T mode 0:01-0:1 [18] , and t s 0:2. Assuming 11 bound states in the potential well (Fig. 3) , a nonlinear hopping rate close to the experimental data is reproduced (see Fig. 4 ). This power-law dependence has been analyzed to be R hopping Nÿ " ÿ " =ÿ # Nÿ1 V N [6] , where N is the number of vibrational levels in the potential well. It gives a potential barrier of E B N 1=2@ 62 meV. We would like to mention that although the magnitude of the hopping rate depends on these parameters, the power law is rather insensitive to the specific values in a wide range of parameter space. FIG. 3 (color online) . The paths and energy barriers for lateral atom hopping between the fcc and hcp site for Co on Cu(111) calculated using the nudged elastic band method. The lower (dashed line) curve was obtained by relaxing all atoms in the three surface layers of the substrate, while the upper curve assumes relaxation of those excited atoms in the T mode. The dots mark the barriers obtained with a completely rigid substrate and with a relaxed first layer.
The diffusion barrier obtained from the power law, 62 meV, is much higher than the adiabatic one, 32 meV, but falls in the range of nonadiabatic barriers, 79 meV and 49 meV. It suggests that some substrate atoms may not follow instantly the hopping motion of the adatom during barrier crossing. Whether this is true depends on the time scale for barrier crossing, ÿ ÿ1 " , in comparison to the time for barrier relaxation at the transition state, the bridge site. The latter is unknown and remains a subject for future studies. However, it should be infinitely long at zero temperature where the anharmonic coupling is suppressed. This indicates that nonadiabatic hopping at 2.3 K is very possible. Recently, nonadiabatic hopping of CO has been observed in hot electron activated diffusion under femtosecond irradiation [29] . The local heating of the Co=Cu111 by the tunneling current resembles the nonequilibrium heating induced by hot electrons. Here the local T mode is heated up to about 40 K at V 10 mV, while the rest of the phonon bath remains essentially at 2.3 K. Along this line, the reduction of the power law at larger bias, I
11-12 at 7-9 mV to I 6-8 at 10 -15 mV, is a direct indication of the gradual reduction of potential barrier due to increased adiabadicity at larger bias. It is our prediction that a lower power law, which corresponds to more adiabatic barriers, is measurable if the same experiment is done at elevated temperatures.
Summarizing, we presented a combined first principles calculation and theoretical modeling of the atomic hopping induced by inelastic tunneling. Our calculation identified the frustrated translational mode. Localized heating of this mode by tunneling electrons leads to nonadiabatic lateral hopping in the low temperature regime. Similar nonadibatic processes can occur when a system is locally driven out of equilibrium, which can be expected in, for example, the transport processes under current and ultrafast processes driven by hot electrons.
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